Exposure assessment is a critical component of epidemiologic studies, and more sophisticated approaches require that variation in exposure be considered. We examined the intr-and interindividual sources ofvariation in exposure to mercury vapor as measured in air, blood, and urine among four groups of workers during 1990-1997 at a Swedish chloralii plant. Consistent with the underlying kdnetics of mercury in the body, the variability of biological measures was dampened considerably relative to Intraindividual variability in exposure can induce error in exposure assessment and thereby can adversely affect epidemiologic studies by reducing the power to detect associations and by diminishing measures of effect (8-13). To assess the magnitude of the error in an exposure measure, the well-established techniques of analysis of variance can be applied (when repeated measurements on study subjects are available) to estimate the magnitude of the intra-and interindividual sources of variation. Information contained in the estimated variance components can then be used to assess the bias in measures of effect and to optimize study design in terms of the number of workers to be studied and the number of samples to collect.
http://ehpnetl.niehs.nib.goldocs/2000/08p569-573symanski/abstracthrml Of critical importance when assessing the utility of an exposure measure are questions related to exposure variability. Two major components of exposure variability are the variation that occurs from day-to-day (intraindividual variation) and the variation that occurs among workers (interindividual variation). For airborne measures of exposure, intraindividual variation occurs as a result of myriad factors related to the process and the work environment or it may be due, to a lesser extent, to measurement errors associated with sampling and analysis (1) . Interindividual variation in airborne contaminant levels among workers has been attributed to differences in job tasks or work practices (2) .
Intraindividual variation in the external exposure is transmitted, at least to some degree, to biological levels of the contaminant or its metabolite in body fluids. In addition, sources of biological variability are likely to induce fluctuations in contaminant concentrations in urine or blood over time. Such variability in biomarker levels associated with occupational exposure has been restricted thus far to a single investigation (3) , but some endogenous constituents in blood and urine are marked by considerable intraindividual variation (4) (5) (6) (7) , and the same physiologic parameters are likely to exert similar effects on body burdens of contaminants. Moreover, the variation between workers in exposure levels would contribute to interindividual variability in biomarker levels. Ethnicity, sex, age, anthropometric and lifestyle factors, and physiologic differences in the rates of uptake, metabolism, and elimination are also likely to play a role.
Intraindividual variability in exposure can induce error in exposure assessment and thereby can adversely affect epidemiologic studies by reducing the power to detect associations and by diminishing measures of effect (8) (9) (10) (11) (12) (13) . To assess the magnitude of the error in an exposure measure, the well-established techniques of analysis of variance can be applied (when repeated measurements on study subjects are available) to estimate the magnitude of the intra-and interindividual sources of variation. Information contained in the estimated variance components can then be used to assess the bias in measures of effect and to optimize study design in terms of the number of workers to be studied and the number of samples to collect.
In the chloralkali industry, exposure to mercury vapor (Hg0) can occur during the production of chlorine through the electrolysis of a brine solution in mercury cells (14) . Exposure can be monitored by measuring mercury in the breathing zone of exposed workers using either active or passive personal sampling techniques (15) (16) . Nearly all workers participated in the biomonitoring program, but approximately one-half of the workforce was monitored by personal sampling. We analyzed air samples using standard methods (16) ; determinations of mercury in biological samples were made using cold vapor atomic absorption spectrophotometry (17) . To correct for urinary flow rate, mercury concentrations in urine were adjusted for creatinine, which was analyzed with a modified kinetic Jaffd method (18 (20) . Very few urinary (< 1%) and blood (5%) mercury measurements were below the limit of detection; all such measurements were flagged and assigned a level of two-thirds the value of the reported detection limit (21) . There were no undetectable air mercury values.
With assistance from company personnel, we ascertained the job titles of the workers. We created four broad occupational categories based on the following classifications: a) shift workers; b) cell cleaners, basement flushers, and mercury-pump repairmen (hereafter referred to as "cell hall maintenance workers"); c) cell hall foremen, "egalisators" (voltage regulators of the mercury cells), and cell switchers (hereafter referred to as "cell hall production workers"); and d) instrument technicians, mechanical workshop workers and foremen, staff electricians, operating engineers, plastic workshop workers, and laboratory workers (hereafter referred to as "non-cell hall workers"). Both the cell hall production workers and the cell hall maintenance workers typically spend the majority of their time in the cell hail, whereas the non-cell hall workers spend < 10% of their time in the cell hall. Shift workers run the process for 24 hr, rotate between day and night shifts, and perform numerous tasks in the control room, salt solution hall, and cell hall. Due to small sample sizes and the irregularity of the work performed, data collected on workers who spend no time in the cell hall (e.g., washers or storeroom workers) and external workers (e.g., painters or electricians) were not evaluated.
We examined temporal effects by visually inspecting graphs of the annual mean levels for the air and biological monitoring data collected over the period 1990-1997. Although the air mercury levels appeared to fluctuate erratically above and below the mean value for the entire period, a shift in exposure levels in 1994 was apparent for the biological monitoring data, especially urinary mercury. Thus, a systematic change in the urinary and blood mercury levels was evaluated when sources of exposure variability were examined. Also, histograms of the air, blood, and urinary measurements suggested that the data were approximately lognormally distributed; as such, the natural logarithms of the data were used in subsequent analyses.
Intra-and interindividual sources of variation in exposure levels. To assess the intra-and interindividual sources of variation in airborne measures of exposure to mercury, we applied a one-way random-effects model (22. For the biological monitoring data, we applied a mixed-effects model to evaluate possible differences that may have arisen from a change in laboratories in mid-1994. Briefly, the mixed model is specified as follows:
Yi'k= =ln yk) =j+iY++Ps+k [+1] for i= 1 (1990 ( -June 1994 [59 nmol/L (2.2)] for urinary mercury. Nearly 62% of the air measurements were performed for maintenance workers, whereas most blood and urine mercury samples were collected from shift workers, cell hall maintenance workers, and non-cell hall workers. When workers were dassified by occupational category, the highest and lowest exposures were typically observed for the cell hall maintenance workers and shift workers, respectively. Intra-and interindividual sources of variation in exposure levels. Point estimates of the variance components in the log-transformed air, blood, and urinary mercury data are shown in Table 1 . For airborne mercury, the proportion of the total variability attributable to the intraindividual source of variation differed among groups. Cell hall maintenance workers and shift workers were characterized by extreme day-to-day variability; little variation was detected between workers. There appeared to be as much or greater variation among individuals compared to variation across shifts in both the cell hall production workers and non-cell hall workers. There was greater variation between, rather than within, workers for the biomonitoring data when all workers were combined, whereas equivocal results were obtained when the analyses were conducted by occupational group. Based on the mixed-model analyses, exposure levels appeared to decrease in the latter period (mid-1994 onward), especially for urinary mercury levels (data not shown). Table 2 shows the estimates of the number of repeated measurements per worker required to minimize the attenuation of an observed slope coefficient to 90%, 75%, and 60% of its true value for air, blood, and urinary measures. When workers were evaluated together irrespective of occupational category, the sampling requirements were reduced for mercury measured in blood or urine as compared to those for air. Across occupational groups, the sampling demands varied, and in some instances sizeable differences were noted.
Discussion
Effects related to intraindividual variation have long been recognized in the statistical and epidemiologic literature (10, 11) . However, the quantification of the inter-and intraindividual sources of exposure variability in the occupational arena has focused primarily on airborne contaminant levels (22, (25) (26) (27) . Similar investigations of variation in biological measures of exposure to workplace contaminants have, to our knowledge, been restricted to a single study of workers exposed to styrene at a boat manufacturing plant (3) . In our study we found that a substantial percentage of the variability in airborne mercury levels was due to day-today variation, which was nearly 50% or higher in all groups of workers. This finding is in agreement with an investigation of variability in airborne contaminants across a broad cross-section of workplaces worldwide (22) .
Our results also confirm that fluctuations of daily airborne mercury levels are smoothed in both the body burdens of mercury in blood and, to a greater extent, to that in urine. Given that the damping of variability in air exposures is highly dependent on the contaminant's half-life in the body (28), these results are consistent with the underlying kinetics of mercury in blood and in urine, with slow elimination phases of several weeks and 2-3 months (29) (30) (31) , respectively.
Based on kinetic considerations alone, urinary mercury may be deemed a superior measure relative to blood mercury because exposures are integrated over longer periods (32) . Yet our results for the entire group of chloralkali plant workers indicate that similar numbers of measurements would be required if blood or uncorrected urinary mercury were used to estimate individual workers' mean levels in a regression analysis (Table 2) . Because variations in urinary flow rate (e.g., due to variable water intake) increase the variability in urinary mercury concentrations in spot samples (33) , creatinine-corrected urinary mercury produced less variable results and thus yielded the expected benefits when compared to mercury in blood. Nevertheless, in situations when the primary aim of biological monitoring is to detect temporary peak exposures rather than to assess the long-term body burden of mercury, mercury in blood would be a superior measure, owing to the damping of such peaks in urinary levels. The proportion of the intraindividual variability to the total variance generally decreased in levels of mercury in blood or urine when compared to air mercury levels. A notable exception was the group of shift workers for which the percentage of variation attributable to intraindividual variability was higher in biological levels (especially in blood mercury) as compared to airborne levels. In this group, the geometric mean level of blood mercury (reflecting both inorganic and organic mercury exposure) was 18 nmol/L, which is only slightly higher than that found in the general Swedish population (34, 35) . It is likely that the greater intraindividual variation relative to the total variability in blood mercury levels in shift workers is due to fluctuations in exposures from nonoccupational sources (primarily from contaminated fish and amalgam fillings) (35) , which play a bigger role in influencing body burdens of contaminants when workplace exposures are low.
Relying on quantitative estimates of the intra-and interindividual sources of variation in exposure to mercury as measured in the air, blood, and urine among workers at a Swedish chloralkali plant, we also evaluated effects on regression results should such data be used to examine long-term health effects associated with mercury exposure. As shown in Figure 1 , our results suggest that the underestimation of the regression coefficient can be substantial when limited numbers of measurements are collected (although the benefits of collecting additional measurements diminish with increasing sample size). Although requisite sample sizes are not the only factor to consider when evaluating exposure measures, estimating the distribution of measurement errors and quantifying differences among measures provide invaluable information that can be used to plan future investigations.
Although random and mixed-effects models offer clear advantages when evaluating the nature of workplace exposures, important questions must be addressed related to the variance-covariance structure of the data. In the statistical models that were applied, we assumed that the covariance between measurements collected on the same worker was the same regardless of the interval separating them. Shift-long airborne samples were often collected repeatedly on the same worker over the course of a few days, but studies have indicated relatively little serial correlation in air monitoring data (36) (37) (38) . Biological monitoring data may lack independence; however, the extent to which such data are autocorrelated will be a function of both the half-life of the contaminant in the body and the timing of sampling. In our study, when the interval between measurements for each individual was computed, we found that only 10% of the urinary data were < 4 months apart. Likewise, only 1% of the blood measurements was collected at intervals of < No. of ropeatd emsuremeatWworker Figure 1 . Accuracy in the observed slope coefficient as a function of the number of measurements collected on each worker for the log-transformed air (Air-Hg), blood (B-Hg), and urinary mercury (UHg) data collected on Swedish chloralkali workers during [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] (see Equation 2 in text). The estimated ratio of the intra-to interindividual variance component (X) was 1.9 for Air-Hg, 0.87 for B-Hg, 0.73 for uncorrected U-Hg, and 0.45 for creatininecorrected U-Hg. VOLUME 108 1 NUMBER 6 1 June 2000 * Environmental Health Perspectives "Slope coefficient estimated from a simple linear regression relating mercury exposure to a continuous health outcome.
bNo calculation was possible given that d2 = 0. yielded the least biased measure when compared to measurements of styrene in exhaled air among boat-manufacturing workers, whereas one of the biological measures of exposure performed the most efficiently in the current investigation. In any case, our investigation demonstrates that quantitative information about intra-and interindividual sources of variation in exposure can be used to design efficient sampling strategies when evaluating health risks associated with workplace or environmental contaminants.
